Introduction
The T-cell receptor (TCR) is a heterodimer composed of a and b (or g/d) chains, both encoded by rearranged V(D)J segments and a constant region. [1] [2] [3] [4] [5] Rearrangement between V, D, and J regions and the insertion/deletion of nucleotides by recombinases produces the incredibly diverse recognition spectrum of the T-cell compartment, thereby providing flexibility of immune responses to the wide variety of antigens that an individual encounters in a lifetime. The vast majority of T cells recognize targets of immunity through direct TCR interaction with antigen-derived peptide presented in the context of HLA, whereas a small subset (,1%, natural killer T cells) appears to recognize lipid moieties presented in the nonclassical major histocompatibility complex-like CD1d. 6, 7 Molecular analysis of the structure of the TCR has revealed that the complementaritydetermining region 3 (CDR3) of the Vb chain is directly involved in the recognition/binding of antigenic peptide-HLA complexes. [8] [9] [10] Consequently, the CDR3 sequence can serve as a unique clonal marker when clonal expansion occurs following T-cell activation.
Until recently, analysis of the TCR repertoire using spectratyping or Sanger sequencing of the CDR3 was limited by technique because traditional sequencing methods are generally impractical for individual sequencing of a large number of T-cell clones. New, massively parallel sequencing technology enables, through deep sequencing of rearranged TCR Vb chains, a previously inaccessible level of TCR repertoire analysis. Recent research has demonstrated the applicability of TCR deep sequencing in the detection of minimal residual disease in acute T lymphoblastic leukemia, 11 led to advances in understanding of the composition of the healthy TCR repertoire, 12, 13 and addressed a number of technical concerns. 14 The CDR3 repertoire diversity reflects clonal composition, the potential antigenic recognition spectrum, and quantity of available T-cell responses. In T cell-mediated autoimmune diseases, it is possible that uniquely composed Vb CDR3 sequences identified by deep next-generation sequencing (NGS) can serve as surrogate markers for antigens recognized by autoreactive T cells, and efficacy of therapeutic strategies can be assessed by monitoring the level of immunodominant clones and evaluating expansions and contractions of the TCR repertoire over time.
In the majority of classical T cell-mediated autoimmune diseases, T-cell responses are characterized by complex polyclonal expansions with a variable number of leading immunodominant clones, whereas T-cell malignancies are identified by large-scale expansion of a single clone with a unique TCR rearrangement and CDR3 sequence. In this context, T-cell large granular lymphocyte (T-LGL) leukemia is a chronic clonal lymphoproliferation of cytotoxic T cells (CTLs) often associated with autoimmune diseases and various cytopenias and therefore may be considered a reactive process with extreme clonal skewing. [15] [16] [17] In contrast, patients with CD4 1 T-LGL leukemia, much less common than CD8 1 T-LGL leukemia, generally do not have autoimmune disease or cytopenia. 18 Recent identification of recurrent activating signal transducer and activator of transcription (STAT) 3 and STAT5b mutations at various frequencies in T-LGL [19] [20] [21] suggests that in a proportion of these cases mutations play a role in the persistence of clonal expansions, whereas mutation-negative cases may represent an extreme pole of an immunologic response to chronic antigen stimulation. The mechanism behind cytopenia in T-LGL leukemia remains undetermined but has been hypothesized to involve clonal T-cell expansions directed against autoantigens, with T-cell specificity determining the clinical phenotype of the disease, be it rheumatoid arthritis, neutropenia, or red cell aplasia. 15 Using CD8 1 T-LGL leukemia as a model disease, we have set out to evaluate and compare the Vb TCR deep-sequencing spectra of both patients and healthy controls to better understand how TCR deep sequencing could be used in the diagnosis and monitoring of not only T-LGL leukemia but also reactive processes such as autoimmune disease and infection.
Methods

Patients
Peripheral blood sample collection from patients was performed at clinically indicated testing following informed consent, according to the protocols approved by the Institutional Review Board of the Cleveland Clinic, and in accordance with the Declaration of Helsinki. A retrospective chart review was carried out under approval by the Institutional Review Board of the Cleveland Clinic. Based on World Health Organization guidelines, the following criteria were used to diagnose T-LGL leukemia: monoclonal TCR g-chain rearrangement; an LGL count by peripheral blood smear of .2000/uL (not a critical criterion; patients who met all other criteria but had an LGL count ,2000/uL were included); flow cytometric evidence of an abnormal CTL population characterized by expression of CD2, CD3, TCRab (or gd), CD4 (in a few cases), CD5 dim , CD8, CD16/56, or CD57 with negativity of CD28; and persistence of this condition for more than 6 months. Each patient must have met at least 3 of these criteria to be included in the study. In addition, TCR Vb expansions were detected and quantitated by flow cytometry according to criteria previously described. 14, 22 Cytopenias were classified as neutropenia (absolute neutrophil count ,1.5 3 10 3 /mL), anemia (hemoglobin ,13 g/dL), and thrombocytopenia (platelet count ,150 3 10 3 /mL). Clinical responses were determined according to the modified International Working Group criteria for myelodysplastic syndromes, as previously reported. 23, 24 
Flow cytometry
Fresh peripheral blood was stained for Vb flow cytometry analysis to quantitate the percentage of each Vb family in the CD4 and CD8 lymphocyte populations, as previously described. 14 Figure 1 . Diversity of the healthy T-cell repertoire. NGS of the T-cell repertoire in a healthy volunteer identifies specific CDR3 amino acid sequences within T-cell receptor beta variable (TRBV) and T-cell receptor beta joining (TRBJ) families. The 15 most frequent CDR3 sequences and number of unique sequences/total productive reads are shown for selected TRBV vs TRBJ groupings. The ratio between unique sequences and total reads illustrates the level of diversity.
Polymerase chain reaction (PCR)
RNA isolation and complementary DNA synthesis, CDR3 region amplification, CDR3 size analysis, CDR3 cloning, spectratyping, sequencing, and subsequent analysis of "clone size" were performed as previously described. 25 Statistical analysis JMP 10.0 (SAS Institute Inc., Cary, NC) was used for statistical analysis. Because distributions were not normal in the parameters analyzed, nonparametric methods (Wilcoxon) were employed to compare groups. Homology analysis was performed using RegExp in MATLAB 7.12.0; only 100% matches in both directions (A to B and B to A) were considered positive.
Diversity index
The diversity index was calculated according to the following formula, based on the Simpson index of diversity (D) where n i is the total number of amino acid sequences belonging to type i, and N is the total number of sequences in the dataset for each individual:
TCR repertoire deep sequencing DNA was isolated from whole blood, and the diversity of the TCR repertoire was profiled using high-throughput sequencing of rearranged TCRb loci from genomic DNA. We sequenced the CDR3 region of TCRb genes from ;40 000 T-cell genomes from each sample. The TCRb CDR3 region was defined according to the International Immunogenetics Information System collaboration, beginning with the second conserved cysteine encoded by the 39 portion of the Vb gene segment and ending with the conserved phenylalanine encoded by the 59 portion of the Jb gene segment. TCRb CDR3 regions were amplified and sequenced using protocols previously described. 12 Briefly, a multiplexed PCR method was employed to amplify all possible rearranged genomic TCRb sequences using 52 forward primers, each specific to a TCR Vb segment, and 13 reverse primers, each specific to a TCR Jb segment. Reads of 60-bp length were obtained using the Illumina HiSeq System. Raw HiSeq sequence data were preprocessed to remove errors in the primary sequence of each read and to compress the data. A nearest neighbor algorithm was used to collapse the data into unique sequences by merging closely related sequences, to remove both PCR and sequencing errors. Adaptive Biotechnologies (Seattle, WA) performed TCR repertoire NGS and provided data from controls. Adaptive Biotechnologies was blinded to disease status and all clinical information of patients. STAT3 mutational analysis. Amplicon-based sequencing. Locus-specific primers with Illumina adapter tails were designed to cover STAT3 exon 21. Each amplicon was amplified in a multiplexed PCR reaction containing locus-specific PCR primers carrying Illumina-compatible adapter sequences, Illumina TruSeq Universal Adapter primer and Illumina TruSeq Adapter primer with a samplespecific 6-bp index sequence. The PCR reaction was cycled in the DNA Engine Tetrad 2 (Bio-Rad Laboratories) or in the G-Storm GS4 (G-Storm) thermal cycler. Following PCR amplification, samples were purified using Performa V3 96-Well Short Plate (EdgeBio) and QuickStep2 SOPE Resin (EdgeBio) and then pooled together. Sequencing of PCR amplicons was performed using the Illumina MiSeq instrument with MiSeq Control Software v.1.2 or earlier version (Illumina). Samples were sequenced as 151-bp paired-end reads and 2 8-bp index reads using amplicon workflow. Data analysis was done on Illumina MiSeq Reporter Software v1.3 or an earlier version (Illumina). The method and primer sequences have been described previously in more detail. 26 Amplification refractory mutation system-PCR. The presence of D661Y and Y640F STAT3 mutations determined by NGS ampliconbased methods were confirmed using a DNA tetraprimer amplification refractory mutation system assay as previously described. 17 
Results
NGS TCR deep sequencing allows for global analysis of the TCR repertoire
Deep sequencing of the TCR repertoire ( Figure 1 ; representative healthy control) provides a precise estimation of the entire repertoire present in blood. Using this method, nonproductive TCR rearrangements appear out of frame and can be excluded in the analysis. By grouping Vb and Jb families and examining the number of unique sequences vs the number of reads within each Vb/Jb group, the diversity of the healthy T-cell repertoire is illuminated. Analysis in this fashion reveals a preferential usage of observed Vb/Jb combinations, with the exclusion of others. As such, Vb/Jb plots from healthy controls form a characteristic "citylike" landscape when arranged in numerical order, with appreciable distance observed between "downtown," "midtown," and the "suburbs."
We began our investigations by analyzing 25 controls. The average depth of sequencing was 4 349 238 6 4 675 652 (range 120 485-16 799 066) reads. Of these, the average number of productive reads (ie, the number of reads that appear in-frame during analysis) was 3 565 855 6 3 815 784 (range 103 026-14 024 627), accounting for 82% of the total reads. The number of unique sequences relative to total productive reads provides a general assessment of diversity within a patient; in controls, this percentage was 5.1 6 5.6% (range 0.43-19.4). Calculation of the immunodominant clone in healthy controls (ie, the DNA sequence present in highest abundance) revealed a mean of 4.2 6 5.2%, with the relatively high standard deviation primarily driven by 1 outlier with an expansion of 24.7% (range 0.2%-24.7%). There was no statistical difference in the size of the mean immunodominant expansion between older (.65, mean 3.5%) and younger (,65, mean 6.5%) controls. LGL01 Y640F Anemia, neutropenia As we were interested in how much overlap was present in the TCR repertoires of various individuals, we hypothesized that the number of shared sequences would correspond with the level of shared HLAs. Analysis of a pair of identical twins, which provided a complete HLA match at all loci, revealed that the number of shared sequences was low, only 647 out of a possible 14 392 (supplemental Figure 1A ; see the Blood Web site). However, the discovery of the presence of autoimmune disease in 1 of the twins prompted us to exclude this individual from the control group and perform a more in-depth examination of a possible relationship between HLA haplotype and TCR repertoire. Controls matched at 2 of 12 HLA loci shared a lower number of sequences and, in some cases, none (supplemental Figure 1B-C, respectively) . Linear regression analysis of TCR repertoire overlap by both absolute number and percentage against the number of shared HLA alleles failed to reveal a statistically significant relationship (R 5 0.00009 and 0.0009, respectively; supplemental Figure 1D-E) .
T-LGL, a clonal model of extremely polarized CTL responses
Our initial experimental cohort consisted of 134 patients with T-LGL leukemia, identified by the 2008 World Health Organization diagnostic criteria 19, 27 (clinical characteristics in Table 1 ). As evidence of the association with autoimmune processes, 65 of 134 (49%) patients had neutropenia, 90 of 134 (67%) had reticulocytopenic anemia, and 24 of 134 (18%) had other classical autoimmune conditions. For each patient, we identified the immunodominant CTL clone by flow cytometry and determined the HLA class I background as a putative restrictive element for CTL responses. Analysis of clone size against specific HLA alleles yielded a strong correlation between the degree of clonal expansion and the presence of HLA B7 (P 5 .016, N 5 111; supplemental Figure 2 ). Somatic STAT3 mutations were present in only 18% (19/105) of patients, and no STAT5b mutations were found in this cohort. Furthermore, the presence of a STAT3 mutation was associated with a more predominant clonal expansion (P 5 .0008, N 5 102; supplemental Figure 3A ). This association remained significant when absolute clone counts were considered as well (P 5 .014, N 5 102; supplemental Figure 3B ). In the absence of STAT3 mutation, extreme monoclonal skewing of the TCR repertoire (defined as a flow cytometry expansion .60% of the CD8 compartment) was found in 39% (33/83) compared with 78% (15/19) with mutated STAT3.
Identification of clonal and oligoclonal expansions in disease: T-LGL as a malignant model of autoimmune diseases
For further analysis, we selected patients with HLA restriction elements HLA A2, HLA B7, similar presentation, and Vb17 as the immunodominant clone by flow cytometry (N 5 11; Table 2 ). Controls (N 5 24) were matched at HLA A2 and B7 when HLA data were available.
We next applied TCR repertoire deep sequencing to this subcohort of T-LGL leukemia patients, with markedly clear results ( Figure 2 ). When expanded Vb/Jb counts were observed, we analyzed the sequencing counts as a percentage of overall reads; plots of this data revealed the dominance of specific CDR3 sequences, flattening the landscape of the healthy repertoire to account for the scale of the clonal expansion. Unlike the healthy repertoire, analysis of specific Vb/Jb pairings demonstrated the extreme expansions characteristic of T-LGL leukemia. For example, Figure 2A shows a clonal expansion of TRBV19 TRBJ1-5, which accounts for 460 213/461 343 (99.8%) sequences within this grouping. Also present, albeit at a much lower frequency, are accessory clones that differ only slightly in amino acid sequence or have identical amino acid sequences with different nucleotide sequences. All 3 representative examples shown here, and 10 of 11 patients overall, exhibited this phenomenon.
In 7 of 11 patients, immunodominant clonotypes accounted for .50% of the TCR repertoire and correlated well with flow cytometry results. Two of the 11 patients who appeared to have monoclonal expansions by flow cytometry demonstrated biclonal expansions by deep sequencing, illustrating the finer resolution of this more modern technology. Finally, accounting for the 2 patients whose expansions were not recognized by flow cytometry because of limitations in the antibody panel (NIP), 1 was shown to have a clear monoclonal expansion by NGS, and the other demonstrated only minor polyclonal expansions, again reinforcing the advantage of deep sequencing over flow cytometry in assessing the T-cell repertoire ( Table 3 ). For personal use only. on October 3, 2017. by guest www.bloodjournal.org From
Diversity analysis of the T-cell repertoire
We next set out to statistically describe the overall diversity of each patient's repertoire by calculating a diversity score from the data. First, analysis of the number of unique sequences relative to total productive reads differentiates T-LGL from healthy controls, 0.6 6 0.6% vs 5.1 6 4.7%, respectively (P , .0001; data not shown). For more in-depth analysis, we turned to the Simpson index of diversity, D, 28 a mathematical formula developed for abundance assessment of ecological species that provides an objective measurement of the degree of diversity within a data set. We applied this formula to each subject's repertoire, essentially calculating the probability of obtaining identical CDR3 sequences when selecting 2 sequences at random from the individual's data set. When compared with controls, T-LGL leukemia patients again demonstrate significantly less diversity (P 5 .0004; Figure 3A) , with a stratification of high, intermediate, and low diversity indices.
To illustrate the potential clinical benefit of this approach, we show here a patient who initially presented with anemia and an extreme monoclonal expansion with D 5 0.06 (LGL 7; Figure 3B ). After successful treatment of his disease with cyclophosphamide, which induced a complete hematologic remission, we observed restoration of T-cell diversity (D 5 0.96). However, there was no statistical difference in the diversity index between patients harboring the STAT3 mutation and those without (supplemental Figure 4 ), yet a larger cohort with longitudinal and mutational subgroup analysis may be needed to fully answer this question.
Public vs private sequences: homology assessment
The description of public TCR CDR3 amino acid sequences in the literature [29] [30] [31] [32] [33] and our own research 22 prompted bioinformatic analysis of the immunodominant clonotypes found in our cohort of T-LGL leukemia patients. Although none of the immunodominant clones were present at high frequency in other patients, these clones were present at the basal level in patients with T-LGL leukemia in almost all cases (Figure 4) . Notably, these clonotypes were largely absent from healthy controls, even those sharing HLA A2 and B7, raising the possibility that specific TCR sequences exist that are private, not at the individual level, but only to those with T-LGL leukemia. Furthermore, LGL 7 is the only patient whose immunodominant clonotype is not present in the repertoires of other patients; this patient is also the only patient in our entire cohort of 134 patients that achieved complete remission ( Figure 3B-C) .
To further test the hypothesis that T-LGL leukemia clonotypes are private to the disease, we then compiled a list of all immunodominant clonotypes of T-LGL leukemia patients sequenced by traditional methods in our laboratory and queried if these were present in our healthy control group ( Figure 5 ). Consistent with our earlier finding, these clonotypes were largely absent from the 24 healthy controls analyzed. In addition, we queried a database composed of more than 6000 immunodominant CDR3 sequences published in a variety of diseases, including various common viral infections, and did not find a match.
We were curious as to whether simply specific clonotypes or the global repertoire varied between patients and controls. Analysis of overall repertoire overlap between T-LGL patients and other T-LGL patients, between T-LGL patients and controls, and between healthy controls and other healthy controls failed to reveal distinct patterns (supplemental Figure 5) , although it is apparent that LGL 7 had the lowest degree of overlap when compared with other T-LGL patients. LGL04 GGACTCGGCCATGTATCTCTGTGCCAGCAGC TTAATAGGGGTAAGCTCCTACAATGAGCA CASSLIGVSSYNE 10.9 TRVB7-9 TRBD1-1 TRBJ2-1
LGL05 AAAGAACCCGACAGCTTTCTATCTCTGTGCC AGTAGTATAGTAGCAGCCCACTATGGCTA CASSIVAAHYG 62.1 TRBV19 TRBD1-2 TRBJ1-2
LGL06 TGCTCCCTCCCAGACATCTGTGTACTTCTGTG CCAGCAAATCGGGGGACCCCGGGGAGCT CASKSGDPGE 99.1 TRBV6-6 TRBD1-2 TRBJ2-2
LGL07pre GCTGGGGGACTCAGCTTTGTATTTCTGTGCC AGCAGCGTCGGGCGGTTCCAAGAGACCCA CASSVGRFQET 73.9 TRBV9 TRBD1-1 TRBJ2-5
LGL07post 
Discussion
In the past, molecular analysis of the T-cell repertoire using cloning and sequencing approaches allowed only a quantitatively limited insight into the clonotypic spectrum. With the advent of NGS, the clonotypic repertoire can be analyzed at an incredible depth. Here, for the first time, we report the application of deep insight into the normal and diseased clonal repertoire in patients with T-LGL leukemia and concurrent immune-mediated cytopenias.
Our initial, perhaps simplistic, hypothesis asked if T-LGL leukemia patients with similar immunogenetic and clinical characteristics would share a common CDR3 region as determined by deep sequencing. "Public" T-cell responses have been described in the literature as examples of "convergent recombination," 27 and such a finding would provide evidence for a common antigen that may drive the extreme monoclonal proliferations characteristic of T-LGL leukemia that occur even in the absence of STAT3 or STAT5b mutations. The rarity of T-LGL leukemia points toward an uncommon elusive chronic antigen, or immunologic weakness that prevents clearance of antigen. Our data suggest the presence of an undefined mechanism whereby certain clonotypes may predispose an individual toward the extreme monoclonal expansions commonly found in T-LGL leukemia because these clonotypes were found in other T-LGL leukemia patients but not in controls. Although this finding is initially striking, especially considering the overall low level of TCR repertoire overlap even in HLA matched individuals, it should be noted that we did not investigate hypothetical repertoire differences between CD4 1 and CD8 1 cells, nor various effector/memory subsets. It is possible that the homology, or lack thereof, found in our work reflects a biased repertoire because of either the nature of the disease or some as yet undetermined phenomenon. The considerable depth of control sequencing may compensate for possible differences between patients and controls, but we did not formally address this question. Furthermore, the diversity and complexity of infectious history and corresponding immune responses precludes simple insight into the similarity of the CDR3 spectra. Although TCR repertoire deep sequencing has tremendous promise as an investigative and diagnostic approach, new tools currently in development to comprehensively assess serology may also provide complementary information as to an individual's history of immunity and aid in the identification of the putative antigen(s) driving such extreme T-cell responses.
As a fascinating example of the selection process that occurs upon antigen encounter, the elucidation of accessory clones by deep sequencing suggests that, even in the case of a STAT3 mutation, it is likely that T-LGL leukemia is an antigen-driven process, at least initially, and it can be hypothesized that the STAT3 mutation occurs in a subset of clonally dividing cells that obtain a growth or survival advantage over time. Quantitative sequencing Figure 3 . Index of diversity. Diversity scores were calculated for deep-sequencing TCR repertoire data from patients with T-LGL leukemia (n 5 11; A, right) compared with healthy controls (n 5 24; A, left) and analyzed by the Wilcoxon nonparametric method (P , .0001). Index of diversity and TCR repertoire plots for a T-LGL patient before therapy, D 5 0.060 (B), and following complete remission, D 5 0.966 (C). Note differences in y-axis values between panels B and C. Figure 4 . Homology assessment. All immunodominant CDR3 sequences were analyzed for the presence of 100% homologous sequences in healthy controls (n 5 24). Green squares indicate a sequence match at the basal level (,50 copies per million), whereas increasing intensity to red corresponds with a higher number of reads. Dominant sequences found in T-LGL patients were generally found in other T-LGL patients but were largely absent in healthy controls. BLOOD, 12 DECEMBER 2013 x VOLUME 122, NUMBER 25 NEXT-GENERATION SEQUENCING T-LGL LEUKEMIA 4083 of STAT3 mutations supports this hypothesis because, in some cases, the proportion of cells with the STAT3 mutation does not always correlate with the percentage of cells that have clonally expanded as determined by flow cytometry or by deep sequencing. 34 In addition, the association between STAT3 mutations and larger clone sizes, both by proportion and absolute counts, provides additional evidence for the notion of STAT3 mutations as a key factor promoting extreme monoclonal expansions, at least in cases where a mutation has been discovered. The mechanism behind extreme expansions in STAT3-negative cases remains unclear, as does the relationship between clinical phenotype and the presence of a STAT3 mutation. Also, the proportion of patients harboring the STAT3 mutation in this cohort is reflective of the patient population at our single institution and is lower than more comprehensive multicenter studies, likely attributable in part to the inclusion of both monoclonal and oligoclonal T-LGL leukemia patients in this work.
Although it was beyond the scope of this study to compare all methods of assessing clonal expansions in T-cell malignancies, deep sequencing has the potential to redefine investigations into human T-cell immunology by offering significant advantages over traditional methods. First, virtually the entire repertoire can be analyzed and precisely quantitated. Second, the amino acid identity of the expanded clone can be clearly identified. Third, bioinformatic analysis of data obtained from larger cohorts has the potential to show repertoire landscape patterns that will assist in monitoring response to therapy and progression of disease as well as aid in the subclassification of many T cell-mediated diseases, not just T-LGL. Last, the diversity index provides a means to reduce a complex data set to a single number that may be of use in the clinic, although these results need to be explored in a much larger cohort to fully assess the benefit.
